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In Vitro Expansion of Immature Melanoblasts and
their Ability to Repopulate Melanocyte Stem Cells
in the Hair Follicle
Saori Yonetani1,2, Mariko Moriyama1,3, Chikako Nishigori2, Masatake Osawa1,3 and Shin-Ichi Nishikawa1
Elucidation of the molecular mechanisms underlying stem cell regulation is of great importance both for basic
biology and for clinical applications. Melanocyte stem cells (MSCs) are an excellent model in which to study the
molecular basis of stem cell regulation, as the genetic alterations involved in the maintenance of the stem cells
are readily identifiable by a premature hair graying phenotype. Research on MSCs has been hampered by the
lack of a reliable system to assay their function. Here, by co-culturing highly purified melanoblasts (MBs) with
XB2 keratinocytes, we describe an efficient culture method that allows the expansion of immature MBs in vitro.
These MBs are also capable of undergoing terminal differentiation into mature melanocytes (MCs) when
differentiation is induced. Furthermore, by performing a hair-follicle reconstitution assay in which expanded
MBs in a mixture of epidermal and dermal cells were grafted to reconstitute a hair follicle, we demonstrate that
the expanded MBs retain their capacity to become incorporated into newly developed hair follicles and
repopulate the MC stem cell population there. Thus, by integrating genetic manipulations in cultured MBs
in vitro, this method provides a powerful tool with which to study the molecular basis of stem cell regulation.
Journal of Investigative Dermatology (2008) 128, 408–420; doi:10.1038/sj.jid.5700997; published online 26 July 2007
INTRODUCTION
Stem cells play crucial roles in the maintenance of tissue
homeostasis by providing different types of functionally
specialized cells to a given tissue throughout a lifetime. An
understanding of the nature of stem cell regulation is essential
for their clinical applications in regenerative medicine and
cancer therapy. The function of stem cells is maintained by
their specialized microenvironment, referred as the niche
(Schofield, 1978; Watt and Hogan, 2000; Spradling et al.,
2001). Despite intensive studies of the stem cell niche, the
molecular basis of stem cell regulation has still remained
elusive. Because stem cells comprise an extremely rare cell
population within an entire tissue, one drawback that
hampers stem cell research is the difficulty in identifying
and manipulating individual stem cells and their surrounding
microenvironment.
Melanocyte stem cells (MSCs) (Nishimura et al., 2002)
offer an attractive model with which to study the molecular
basis of stem cell regulation, since loss-of-function mutations in
the genes responsible for MSC maintenance can be readily
identifiable by a hair-graying phenotype (Nishimura et al.,
2005; Mak et al., 2006). However, despite the advantage
of MSCs, studies on MSCs have been largely restricted because
of the lack of an appropriate assay system for MSC function.
During development, melanoblasts (MBs)—precursors for
pigmented melanocytes (MCs)—arise in the neural crest and
migrate through the epidermis toward newly developing hair
follicles (Mackenzie et al., 1997; Jordan and Jackson, 2000).
Once MBs enter the follicles, they are segregated into two
populations: one of MCs that localize at the hair matrix,
where they differentiate into mature pigment cells, and
another of MSCs that colonize the lower permanent portion
of the hair follicle and remain immature until they are
stimulated to undergo differentiation. In non-hairy regions,
MBs stay immature and remain on the basement membrane
of the epidermis, where they undergo differentiation into
mature MCs on stimulation from keratinocytes. It has been
proposed that the homeostatic regulation of MBs is main-
tained by the surrounding keratinocytes through cell–cell
interactions (Haass et al., 2005; Hirobe, 2005), although the
precise molecular interactions are largely unknown.
Numerous procedures for the cultivation of mouse MBs
have been described previously (Hirobe, 1992; Sviderskaya
et al., 1995; Dunn et al., 2000; Kawa et al., 2000). These MB
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cultures can be roughly separated into three types. In two of
these methods, MB culture is initiated from an embryonic or
neonatal epidermal cell suspension. These cultures utilize
different culture media: one utilizes serum-containing medi-
um (Sviderskaya et al., 1995), whereas the other utilizes
serum-free, defined-conditioned medium (Hirobe, 1992). In
both cases, an epidermal cell suspension is cultured in
conditioned medium supplemented with artificial mitogens
such as 12-O-tetradecanoyl-13-acetate, cholera toxin, and
dibutyryl adenosine 30,50-cyclic monophosphate, for 2–3
weeks, to enrich the MB population (Hirobe, 1992; Sviders-
kaya et al., 1995). The third type of culture is a neural tube
explant culture. In this type of culture, the neural tube is
isolated from an embryonic day 9.5 (E9.5) embryo and is
explanted onto the tissue culture plate in medium containing
endothelin 3 (EDN3) and/or stem cell factor (SCF) to induce
the migration of MBs from the neural crest (Kawa et al.,
2000). These culture systems have enabled us to identify
numerous growth factors involved in the regulation of the
survival, proliferation, and differentiation of MBs, such as
fibroblast growth factor-2 (FGF2), Wnt1, leukemia inhibitory
factor, and GM-CSF (Halaban et al., 1988; Sviderskaya et al.,
1995; Dunn et al., 2000; Hirobe, 2002, 2004); however, the
physiological roles of these factors are unclear. From these
studies of MB cultures, it has been postulated that prolifera-
tion of MBs requires at least three major signaling pathways:
the protein kinase A signaling pathway, which is induced by
cAMP stimulators such as cholera toxin, dibutyryl adenosine
30,50-cyclic monophosphate, and a-melanocyte stimulating
hormone (a-MSH); the protein kinase C pathway, which is
stimulated by 12-O-tetradecanoyl-13-acetate and EDN3; and
the mitogen-activated protein kinase pathway, which is
stimulated by SCF and FGF2 (Hirobe, 2005).
The ultimate goal of our studies on MSCs is to elucidate
the molecular mechanisms underlying stem cell regulation.
Toward this end, it is important to establish a functional assay
system for MSCs. Here, we describe an efficient culture method
that allows the expansion of immature MBs by co-culturing
them with a XB2 keratinocyte cell line. By performing a hair-
follicle reconstruction assay (Rogers et al., 1987; Lichti et al.,
1993; Kishimoto et al., 1999; Claudinot et al., 2005), in which
the expanded MBs are combined with epidermal and dermal
cells and engrafted, we demonstrate that expanded MBs retain
their capacity to repopulate a MSC system in vivo. Thus, by
integrating in vitro expansion of MBs and their subsequent
engraftment into reconstructed hair follicles, this system
provides us with a new functional assay system for MSCs.
RESULTS
Isolation of MBs from E15.5 embryonic skin
To establish an in vitro culture system of immature MBs, we
isolated freshly highly purified MBs from the E15.5 epidermis
to initiate their in vitro culture. For this purpose, as we have
described previously (Osawa et al., 2005), transgenic mice
were generated by crossing Dct-Cre knock-in mice (Guyon-
neau et al., 2004) with CAG-CAT-EGFP reporter mice
(Kawamoto et al., 2000) to specifically label MBs with green
fluorescent protein (GFP). To isolate highly purified MBs, the
epidermis from the E15.5 transgenic embryos was dissociated
into a single-cell suspension, and GFP-positive cells
were doubly sorted using a FACS (Moriyama et al., 2006)
(Figure 1a). By re-analyzing the isolated population, the
frequency of GFP-positive cells in the isolated cell population
was confirmed to be more than 99% (Figure 1b). In addition,
flow cytometric analysis indicated that virtually all GFP-
positive cells constituted a population that was positive for
c-Kit and negative for CD45 (Figure 1c), demonstrating that
the GFP-positive cells in the transgenic epidermis faithfully
represented the MB population, with negligible contamina-
tion from lympho-hematopoietic cells. The purity of the
isolated MBs was further confirmed by both cytospin
immunofluorescence staining (Figure 1d–f) and reverse-
transcription polymerase chain reaction (RT-PCR) analysis
(Figure 1g and h). Immunofluorescence staining of the
isolated MBs revealed that more than 95% of the isolated
cells were positive for c-Kit or Mitf, indicating the homo-
geneity of the isolated MBs (Figure 1d–f). Consistently,
existence of GFP/c-Kit-double-positive or GFP/Mitf-double-
positive MBs in the transgenic epidermis in vivo was further
confirmed by whole mount immunostaining of the embryonic
epidermis (Figure S1a and b). Hence, the isolated GFP-
positive cells faithfully represent MBs existing in the
transgenic epidermis in vivo. RT-PCR analysis of the isolated
MBs showed that expression of basal and suprabasal
keratinocyte markers, such as keratin 14 (Krt14) and keratin
10 (Krt10), was undetectable, whereas intensive expression of
various melanogenic genes was detectable (Figure 1g and h),
showing that contamination of the isolated MBs by keratino-
cytes was negligible.
These analyses clearly demonstrate that the GFP-positive
cells obtained from the E15.5 transgenic epidermis are highly
purified MBs. We therefore used these isolated MBs to
establish the optimal conditions for their in vitro culture.
Isolated MBs require feeder cells to grow
In an effort to establish the optimal conditions for in vitro
culture of isolated MBs, a number of different conditions
and growth-stimulating factors were examined for their
ability to induce the expansion of immature MBs in culture.
Preliminary experiments showed that isolated MBs seeded
directly onto standard tissue culture dishes, or onto fibro-
nectin, laminin, collagen I, poly-L-lysine, or Matrigel, rarely
grew in the standard MB culture medium, even in the
presence of various combinations of growth-stimulating
factors for MBs, including 12-O-tetradecanoyl-13-acetate,
cholera toxin, dibutyryl adenosine 30,50-cyclic monopho-
sphate, SCF, FGF2, EDN3, and Wnt3 (data not shown). Under
these conditions, the majority of MBs maintained a round
morphology and rarely adhered to the surface of the dish or
formed a bipolar or tripolar morphology (Figure 2a), which
immature MBs typically show in culture. On the basis of
these preliminary experiments, it was suggested that isolated
MBs may require some additional signals to induce their
cell adhesion, which may in turn be critical to induce
the conversion of their morphology into a bipolar shape
and trigger their anchorage-dependent cell growth, particularly
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at the initial phase of culture (Hirobe, 1994; Sviderskaya
et al., 1995).
To induce cell adhesion of the isolated MBs, we co-
cultured the MBs with various cell lines derived from
keratinocytes or fibroblasts as feeder cells, because cells of
both types have been demonstrated to be capable of
supporting primary MBs in culture (Halaban et al., 1988;
Sviderskaya et al., 1995). According to the previous study
(Sviderskaya et al., 1995), an XB2 keratinocyte cell line
(Rheinwald and Green, 1975) was chosen because of its
ability to maintain MBs in culture. The fibroblastic cell lines
PA6 (Kodama et al., 1982), OP9 (Kodama et al., 1994), and
NIH3T3 were also tested for their ability to support primary
MBs in culture.
GFP-positive MBs were isolated from E15.5 epidermis and
plated onto each type of feeder cell. Within 1 day after the
initiation of co-culture, most of the MBs that were plated onto
XB2 cells had adhered to the feeder cells and showed the
characteristic bipolar or spindle-shaped morphology of the
cultured MBs (Figure 2b). In addition, these MBs proliferated
slowly; their number increased more than sevenfold during
14 days of culturing on XB2 cells (Figure 2c and d),
demonstrating that XB2 cells are capable of both activating
the adhesion of the isolated MBs to the feeder cells
and stimulating their proliferation in culture. By contrast,
the isolated MBs seeded onto each fibroblastic cell line
showed rather limited adhesion and proliferation (Figure 2c
and e–g), indicating that these fibroblastic cell lines are less
effective at supporting the isolated MBs in culture than XB2
keratinocytes.
From these results, it is evident that the isolated MBs
require cell–cell interactions with feeder cells to stimulate
their anchorage-dependent cell growth. Thus, a co-culture
system is expected to be advantageous for the initiation of
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Figure 1. Isolation of MBs from the E15.5 epidermis. (a) Flow cytometric analysis of the E15.5 epidermis from Dcttm1(Cre)Bee/CAG-CAT-GFP mice. GFPþ
PI cells were isolated (left panel). (b) The purity of the isolated cells was determined by re-analyzing by FACS. The frequency of GFPþ cells was 99.4%.
(c) Flow cytometric analysis of GFPþ PI cells fromDcttm1(Cre)Bee/CAG-CAT-GFPmice. Dissociated epidermal cells were stained with anti-CD45 (hematopoietic
marker) and anti-c-Kit antibodies. Virtually all GFPþ PI cells (100%) were CD45 and c-Kitþ . (d–f) Immunostaining of isolated MBs. The isolated GFPþ
cells were cytospun onto a glass slide and double-stained with anti-GFP antibody and either (d) anti-c-Kit or (e) anti-Mitf. Bar¼10 mm. (f) The purity of MBs
among the isolated GFPþ cells was determined by counting the percentage of either GFPþ c-Kitþ cells or GFPþ Mitfþ cells. More than 95% of FACS-isolated
GFPþ PI cells were confirmed to be positive for these MB markers. Data represent the mean7SD of triplicate experiments. (g and h) RT-PCR analysis of
FACS-purified MBs. To examine possible contamination from keratinocytes in the FACS-purified MB population, RT-PCR analysis was performed using
cDNA generated from either the FACS-isolated MB population (MBs) or the E15.5 epidermal cells (Epi) as templates with primer pairs for keratinocyte-specific
markers (Krt14 or Krt10) (g) or MC-specific markers (Sox10, Mitf and Kit) (h) or Actb as a positive control (g and h). Negative control PCR without the addition
of cDNA templates in the PCR is shown as ve. Expression of keratinocyte markers in the isolated MB population was undetectable, indicating that
contamination from keratinocytes was negligible.
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an in vitro culture of isolated MBs. As XB2 cells, among all of
the potential feeders we tested, have the most robust capacity
to stimulate the adhesion and proliferation of isolated MBs,
we employed XB2 cells as feeder cells to define further the
optimal conditions for in vitro culture of the isolated MBs.
SCF/c-Kit signaling promotes survival and proliferation of MBs
in culture
Numerous factors have already been shown to affect survival,
proliferation, and/or differentiation of MBs (Hirobe, 2005). Of
these, SCF, also known as steel factor (SLF) or kit ligand (Kitl),
is critically important for the survival, migration, and
proliferation of MBs under physiological conditions (Matsui
et al., 1990; Godin et al., 1991; Botchkareva et al., 2001;
Peters et al., 2002). To examine the involvement of SCF/c-Kit
signaling in the maintenance of MBs by XB2 cells, an
antagonistic antibody against the c-Kit receptor (ACK2)
(Nishikawa et al., 1991; Yoshida et al., 1997) was added to
the co-cultures to block SCF/c-Kit signaling in MBs. Six hours
after the addition of the antibody, a significant proportion of
the MBs became positive for Annexin V immunostaining
(Figure 3a), indicating the initiation of an apoptosis program
in the MB population. In fact, the number of MBs in the co-
cultures decreased dramatically, by 475%, within 12 hours
of the addition of the antibody and, by 36 hours after the
addition of the antibody, virtually all MBs were eliminated
from the co-culture (Figure 3b). Thus, in parallel with
previous observations (Ito et al., 1999), it is clearly demon-
strated that SCF/c-Kit signaling, which is activated in MBs
through a cell–cell interaction with XB2 cells, is essential for
the promotion of MB survival in this co-culture system.
As SCF/c-Kit signaling plays a crucial role in the
maintenance of MBs in this co-culture, it could be expected
that the addition of SCF to the co-culture might further
stimulate the proliferation of MBs. To test this possibility, a
graded concentration of SCF was supplemented into the co-
cultures and its effect on the proliferation of MBs was
examined. As shown in Figure 3c, the addition of SCF
stimulated net proliferation of MBs in a dose-responsive
manner. In fact, as compared with the control co-culture, a
greater than 2.5-fold expansion of MBs was observed over 14
days of culture in the presence of SCF (100 ng/ml) (Figure 3c).
These data clearly demonstrate that SCF/c-Kit signaling
constitutes a critical axis in the promotion of survival and
proliferation of MBs in this co-culture, as has already been
demonstrated in vivo, in which SCF/c-Kit signaling is
indispensable for the survival, migration, and proliferation
of MBs (Nishikawa et al., 1991; Yoshida et al., 1996;
Mackenzie et al., 1997).
Combination of FGF2 with SCF sustains the expansion of
immature MBs in culture
When MB co-cultures were supplemented with SCF for 21
days, a small population (B4%) of cells with flattened or
polygonal shape was readily observed (Figure 3d–f). The
majority of these cells were positive for the 3,4-dioxyphe-
nyalanine (DOPA) histochemical reaction, reflecting differ-
entiating MCs in which the melanin synthesis reaction had
been activated (Figure 3f). From this, it is evident that the
addition of SCF to the co-culture also induces differentiation
of MBs to some extent. Therefore, various additional
supplements were tested for the ability to maintain the
expansion of undifferentiated MBs in co-cultures supplemen-
ted with SCF.
Both FGF2 and EDN3 have also been shown to stimulate
MBs in vitro (Halaban et al., 1988; Sviderskaya et al., 1995;
Opdecamp et al., 1998; Shin et al., 1999; Cook et al., 2003).
While the indispensable role of EDN signaling for
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Figure 2. The isolated MBs require feeder cells to grow. (a) In the absence of
feeder cells, the isolated MBs displayed a round morphology and did not
adhere to the culture dish, even 2 weeks after plating. (b) Fluorescence image
of cultured MBs on XB2 cells. One day after plating, the majority of isolated
MBs (GFPþ cells) plated on XB2 cells showed a bipolar morphology and
adhered to the XB2 feeder cells. (c) Proliferation of the isolated MBs on each
feeder cell line. Ten thousand isolated GFPþ MBs were plated onto each type
of feeder cell and the number of GFPþ cells was counted. Each data point
represents the mean7SD of triplicate experiments. (d–g) Fluorescence images
of the cultured MBs on each feeder line at 14 days after plating. MBs were
cultured on (d) XB2 cells, (e) OP9 cells, (f) PA6 cells, or (g) NIH3T3 cells.
Bar¼100 mm.
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pre-migratory MBs at the early stage of MB development has
been demonstrated (Shin et al., 1999), in vivo roles for FGF2
and EDN3 in the regulation of epidermal MBs at later stages
of MB development have been less clear. Hence, to examine
the effects of FGF2 and EDN3 in the MB co-culture system,
we initiated the MB culture by adding each of these factors
into the medium supplemented with SCF.
When EDN3 was added to a co-culture supplemented
with SCF, proliferation of MBs was further enhanced by
B1.8-fold as compared with a co-culture supplemented with
SCF alone (Figure 4a); differentiation was also markedly
accelerated, resulting in a dramatic increase in the frequency
of DOPA-positive cells among the expanded cells (B18%)
(Figure 4a–c). Thus, consistent with previous reports (Opde-
camp et al., 1998; Hirobe, 2001), it is obvious that EDN3
stimulates both the proliferation and the differentiation of
MBs in this co-culture.
By contrast, the addition of FGF2 to co-cultures
supplemented with SCF elevated the proliferation of MBs
by B1.3-fold without inducing differentiation of MBs
104
103
102
102 103 104
101
100 101
104
103
102
102 103 104
101
100 101
104
103
102
102 103 104
101
100 101
0 hour
e f
3 hours
Annexin V PE
6 hours
To
ta
l c
el
l n
u
m
be
r
(×1
03
 
ce
lls
)
To
ta
l c
el
l n
u
m
be
r
(×1
04
 
ce
lls
)
To
ta
l c
el
l n
u
m
be
r
(×1
04
 
ce
lls
)
Pe
rc
e
n
ta
ge
 o
f M
Cs
Days
Days
PI
15
20
10
10
5
0
0
2
4
6
8
12
7 14 21
12 24 36 48
Control 0 ng/ml
10 ng/ml
25 ng/ml
50 ng/ml
100 ng/ml
ACK2
Hours
20
20
30
10
16
12
8
4
0 0
7 14 21
Figure 3. Requirement for SCF/c-Kit signaling for the survival and proliferation of MBs on XB2 cells. (a) Inhibition of SCF/c-Kit signaling by an antagonistic
antibody against c-Kit induces apoptotic cell death of MBs cultured on XB2 cells. FACS profiles of Annexin V immunostaining of GFPþ MBs are shown at 0, 3,
and 6 hours after ACK2 treatment. (b) Dramatic elimination of MBs from the culture after ACK2 treatment. The number of GFPþ MBs was counted after the
addition of ACK2 to the culture. Data represent the mean7SD of triplicate experiments. (c) The addition of SCF promotes MB proliferation in a dose-dependent
manner. The number of GFPþ cells in cultures initiated in various concentrations of SCF is plotted. (d–f) Prolonged culture of the MBs on XB2 in the presence of
SCF induces differentiation of MBs. Eight thousand isolated GFPþ MBs were plated on XB2 cells and the GFPþ cells were counted. (d) Total numbers of GFPþ
cells in the culture, in the presence of SCF (50 ng/ml), are shown in histograms (open columns) at 7, 14, and 21 days after the initiation of the culture.
Frequencies of differentiated MCs among the GFPþ cells are plotted in the graph (solid line). (e) Fluorescence image of GFPþ cells after 3 weeks of co-culture on
XB2 cells in the presence of SCF. Note that a significant proportion of the GFPþ cells display a polygonal or flattened shape, indicating signs of differentiation.
(f) DOPA histochemical staining of the cultured cells. The isolated MBs were cultured on XB2 cells in the presence of SCF for 3 weeks. Several DOPA-positive
cells are seen (arrow) among the cultured cells. Bar¼100 mm.
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(Figure 4d). In fact, the majority of MBs in a co-culture
supplemented with FGF2 and SCF were smaller than those in
a co-culture supplemented with SCF alone, and they
maintained their bipolar and spindle-shaped morphology
(Figure 4e). Remarkably, none of MBs cultured in the
presence of SCF and FGF2 was positive for DOPA
histochemical staining over a 21-day culture period (Figure
4d and f), indicating that proliferating MBs supplemented
with a combination of FGF2 and SCF sustain an immature
and undifferentiated status. Undifferentiated status of MBs
was further confirmed by quantitative PCR (Q-PCR) analysis,
in which MBs cultured in the presence of SCF and FGF2 did
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EDN3 and SCF, the majority of MBs cultured with FGF2 and SCF retain a bipolar morphology and undifferentiated status. (f) DOPA histochemical staining of the
culture supplemented with SCF and FGF2 for 21 days after plating of isolated MBs. Note that virtually no DOPA-positive cells are seen. (g) Quantitative
assessment of MB differentiation during in vitro culture. Isolated MBs were cultured in the medium supplemented with SCF (referred to as S), SCF and EDN3
(referred to as SE), or SCF and FGF2 (referred to as SF). At 14 days after the culture, GFPþ cells were harvested by FACS and expression of MC differentiation
marker genes (Gpr143, p, and Tyrp1) in the cells cultured under each condition was analyzed by Q-PCR. Expression of Dct, which is expressed throughout the
entire MC lineage, was also determined as a positive control. The relative expression value of each gene was calculated by the DDCt method using Actb as
an internal control. Error bars indicate SD.
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not show intensive expression of MC differentiation
marker genes such as Gpr143 (Oa1), p, and Tyrp1, while
significant expression of these genes was observed in MBs
cultured in the presence of either SCF alone or SCF and EDN3
(Figure 4g).
To examine whether these MBs retained the capacity to
differentiate and give rise to mature MCs, they were further
cultured by changing the culture medium to a differentiation-
inducing medium containing SCF, EDN3, and a-MSH. Seven
days after the medium was replaced, more than 60% of the
cells became positive for DOPA staining (Figure 5a) and a
significant proportion of the cells became pigmented, as
evident from their bright-field images (Figure 5b). Thus, it is
clearly demonstrated that the population of immature MBs
that expanded when co-cultures were supplemented with a
combination of FGF2 and SCF maintained the ability to
differentiate into mature MCs.
Intriguingly, no prominent promotion of MB growth was
observed when MBs were co-cultured in the presence of
either FGF2 or EDN3 alone (without the addition of SCF)
(data not shown), suggesting that cross talk between SCF/c-Kit
signaling and signaling downstream of the FGF receptor or
EDN receptor is crucial for the stimulation of MBs; however,
the exact molecular interactions underlying this cross talk
remain unclear.
Repopulation of MSCs in the hair follicle by in vitro cultured
MBs
Having shown that isolated MBs are expandable in culture
and retain an immature and undifferentiated status when they
are co-cultured on XB2 keratinocytes in medium supple-
mented with SCF and FGF2, we next asked whether these
expanded MBs have the ability to reconstitute the MSC
system in the hair follicle, as normal epidermal MBs do
in vivo during hair-follicle morphogenesis.
To address this question, a hair-follicle reconstitution
assay (Lichti et al., 1993; Kishimoto et al., 1999; Claudinot
et al., 2005) was employed by grafting a mixture of the
expanded MBs and both epidermal and dermal cells obtained
from W/Wv mice in which endogenous MBs are lacking. For
this, we modified the previous procedure (Claudinot et al.,
2005) to establish an efficient hair-follicle reconstitution
system. We treated E17.5 skin fragments with EDTA to
separate the epidermis from the dermal sheet. When the
epidermis was removed gently, most of the dermal papilla
remained in the dermal sheet, retaining their hair-follicle-
inducing capacity. In fact, after grafting the dissociated
epidermal cells onto the dermis that was placed on the back
of nude mice, we consistently observed thousands of hairs
formed from the grafts, indicating the robust hair-follicle
reconstitution capacity of our engraftment procedure
(Figure 6). Although the hair cycle of the reconstituted hair
follicles was not well synchronized, we confirmed that most
of the follicles at 35 days after engraftment were in catagen or
telogen (Figure S2).
Positive control grafts, in which a mixture of wild-type
(C57BL/6) embryonic epidermal cells and W/Wv-derived
dermal sheets was engrafted onto the backs of nude mice,
produced pigmented hairs throughout subsequent hair cycles
(Figure 6b–d), indicating that, in this assay system, MBs
contained in wild-type epidermis can repopulate MSCs in
reconstituted hair follicles. Conversely, hairs grown from
negative control grafts, consisting of both epidermal and
dermal cells obtained from W/Wv embryos, remained
unpigmented (Figure 6a). When the expanded MBs in the
presence of SCF and FGF2 were combined with the mixture
of epidermal and dermal cells obtained from W/Wv embryos
and engrafted, the initial hairs grown from the grafts were
largely pigmented (91% of the hairs). Importantly, after the
initial hairs were shaved at 1–1.5 months after engraftment to
examine hair pigmentation in the next hair cycling, more
than 78% of the hairs grown from the graft in the next hair
cycling were also pigmented (Figure 6e–n), although the
frequency of unpigmented hairs was slightly increased
compared with that of the initial hairs (Figure 6n). In addition,
immunofluorescent staining of the skin grafts after shaving
revealed localization of some GFP-positive cells in the hair
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Figure 5. Differentiation capacity of in vitro expanded MBs. (a) The MBs
cultured in a combination of FGF2 (2.5 ng/ml) and SCF (50 ng/ml) on XB2
cells have the ability to differentiate into mature MCs. The isolated MBs were
cultured on XB2 cells in the medium supplemented with FGF2 and SCF for
14 days, and then the medium was changed to a differentiation-inducing
medium containing SCF (50 ng/ml), EDN3 (20 nM), and a-MSH (100 nM)
(referred to as SEM). Seven days after replacement of the culture medium, the
number of undifferentiated MBs (open columns) or pigmented MCs (gray
columns) was counted. As a control, the MBs were cultured on XB2 cells in
medium supplemented with FGF2 and SCF for 21 days without changing it to
the differentiation-inducing medium. Data represent the mean7SD of
duplicate experiments. (b) Bright-field microscopic image of the culture at
7 days after the induction of differentiation by the addition of SCF, EDN3,
and a-MSH. Many pigmented MCs are seen. Bar¼ 100mm.
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matrix region as well as in the lower permanent portion of the
anagen hair follicle that frequently contained the club hair at
the bulge (Figure 7), indicating that these follicles were
formed in the next cycle. Localization of GFP-positive MBs at
the bulge was further confirmed by double immunostaining
with antibodies against GFP and CD34, by which a GFP-
positive MB is seen residing near CD34-positive bulge
keratinocytes (Figure 7e) (Trempus et al., 2003). Thus, it is
obvious that at least some MBs are maintained at the bulge in
the second hair cycle. In addition, consistent with previous
observations (Botchkareva et al., 2001; Osawa et al., 2005),
in which MSCs surviving after treatment with an antagonistic
antibody against c-Kit were shown to be negative for c-Kit
expression, we also observed by immunostaining with ACK2
that some GFP-positive MBs localized at the bulge region
were c-Kit negative (Figure S3), suggesting that at least a
certain population of these bulge MBs in the hair follicles of
the grafts may be representing MSCs.
In other stem systems, such as hematopoietic stem cells, it
is well recognized that once stem cells are committed to
differentiation, they rapidly lose stem cell-reconstitution
ability. To test whether differentiated MCs have the capacity
to reconstitute MSCs in our hair-follicle assay, we engrafted
MBs cultured in the presence of SCF, EDN3, and a-MSH for
21 days. Within this culture period, most of the MBs cultured
under these conditions were differentiated into mature
pigmented MCs. After engraftment of these cultured MCs,
hairs formed from the grafts were largely unpigmented,
whereas some pigmentation was observed in the interfolli-
cular epidermis of the graft (Figure 6o). Hairs formed from the
grafts had remained unpigmented for more than 6 months.
However, pigmentation of the interfollicular epidermis was
gradually lost and it became undetectable by 6 months after
the engraftment. This result indicates that the cultured MBs/
MCs contributed pigmentation of the interfollicular epidermis
transiently after the engraftment while their contribution to
hair pigmentation was undetectable. To examine localization
of engrafted cells, we stained skin sections of the grafts using
an anti-GFP antibody. However, despite pigmentation of
interfollicular epidermis, we could not find any GFP-positive
cells in the grafts (data not shown), suggesting the possibility
that the MCs might be eliminated from the grafts after they
had transiently survived in interfollicular epidermis and
deposited melanosomes into surrounding keratinocytes.
These data indicate that, once differentiation of MBs into
mature MCs is induced in culture, the cultured MBs may lose
their capacity to produce stem cells as well as to contribute to
the pigmentary unit in the hair follicle, although we cannot
exclude the possibility that treatment of MBs with SCF,
EDN3, and a-MSH may affect migration and/or adhesion
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Figure 6. Reconstitution of hair pigmentary units in the hair follicles by in vitro cultured MBs. (a) Hairs grown from a negative control graft in which a mixture
of epidermal cells and a dermal sheet obtained from a W/Wv embryo was engrafted. (b–d) Hairs grown from a positive control graft in which a mixture of
epidermal cells from a wild-type (C57BL/6) embryo and a dermal sheet obtained from a W/Wv embryo was engrafted. (e–m) Hairs grown from a graft in
which the cultured GFPþ MBs combined with a mixture of epidermal cells and a dermal sheet obtained from a W/Wv embryo were engrafted. Results obtained
from three independent experiments were shown. (a, b, e, h, and k) One month after the engraftment. (c, f, i, and l) Soon after shaving the primary hairs.
(d, g, j, and m) One month after shaving. (n) Frequency of the pigmented and unpigmented hairs in the grafts in which the cultured MBs in the presence
of SCF (50 ng/ml) and FGF2 (2.5 ng/ml) were engrafted. Data represent the mean7SD of three independent experiments. (o) MBs cultured in the presence of SCF
(50 ng/ml), EDN3 (20 nM), and a-MSH (100 nM) for 21 days lost their ability to generate pigmentary units in the hair follicles, whereas pigmentation of the
interfollicular epidermis of the graft was observed.
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properties of MBs, which leads to failure of the MBs to
colonize the stem cell niche needed to acquire the stem cell
fate. Nevertheless, consistent with other stem cells, it is
evident from this result that once differentiation of MBs is
induced, they lose their capacity to reconstitute a new stem
cell system.
These results clearly demonstrate that MBs cultured on
XB2 cells in the presence of FGF2 and SCF maintained the
ability to reconstitute MSCs in the hair follicle, while those
cultured in the presence of SCF, EDN3, and a-MSH were
differentiated at the expense of stem cell-reconstitution
capacity.
DISCUSSION
In vitro expansion of MBs in culture
In this study, we aimed to develop a defined culture
condition that allows immature MBs to grow in an in vitro
culture. A standard MB culture is initiated from the
dissociated epidermis, which consists of considerably hetero-
geneous populations of keratinocytes, fibroblasts, and MBs
(Hirobe, 1992; Sviderskaya et al., 1995). This heterogeneity
in the culture-initiating cells may cause large variations in the
purity and quality of MB cultures. To standardize MB culture,
we initiated a culture using highly purified MBs. The co-
culture of these purified MBs with a well-defined XB2 cell
line (Rheinwald and Green, 1975) in the presence of SCF and
FGF2 allowed them to actively undergo proliferation and
retain an undifferentiated status. Further evaluation of the
cultured MBs by engrafting them in a hair-follicle reconstitu-
tion system indicated that the cultured MBs had the capability
to differentiate into mature MCs as well as to generate MSCs
in the hair follicle. Thus, on the basis of these data, it has
been clearly demonstrated that our culture condition allows
the expansion of immature MBs in vitro.
Although numerous cultures of primary MBs have been
described previously (Hirobe, 1992; Sviderskaya et al., 1995;
Kawa et al., 2000), none of these cultures used purified MBs
as a starting material. Hence, we tried various culture
conditions by adding combinations of growth-promoting
agents for MBs in the presence or absence of feeder cells to
establish optimal conditions for in vitro culture of purified
MBs. Consistent with previous reports in which a crucial role
for feeder cells in the maintenance of MBs had been
suggested (Halaban et al., 1988; Hirobe, 1994; Sviderskaya
et al., 1995), our observations also indicated that feeder cells
are required for the purified MBs to adhere and grow. By
contrast, in the absence of feeder cells, the isolated MBs
never adhered to the substrate or grew in culture, even in the
presence of various growth factors for MBs. This implies that
the growth of MBs, like that of other normal tissue cells, is
strictly anchorage-dependent (Aplin et al., 1999; Discher
et al., 2005). Given the critical role of integrins in regulating
anchorage-dependent growth in various cell lineages (Howe
et al., 2002), we plated the MBs onto various components of
extracellular matrix to enhance integrin-mediated cell adhe-
sion. However, despite the range of culture substrates, the
purified MBs did not adhere to any of the culture substrates,
suggesting that MBs may require more complex adhesion
mechanisms or direct cell–cell interaction with the feeder
cells to initiate and maintain their cell adhesion. Future
studies will be required to clarify the exact molecular
mechanisms involved in cell–cell adhesion of MBs. Never-
theless, our MB co-culture system provides a valuable model
with which to elucidate the molecules involved in the
homeostatic regulation of cell–cell adhesion of MBs, which
would ultimately open an avenue to understanding how
dysfunction of these molecules induces invasion and
metastasis of melanoma.
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Figure 7. Repopulation of the MSC system in the hair follicle. (a–e) Immunohistochemical staining of the grafts in which the MBs cultured in the presence
of SCF and FGF2 were engrafted. Frozen skin sections of the grafted area were stained with an anti-GFP antibody (green) (a–e) or double stained with anti-GFP
(green) and anti-CD34 (red) antibodies (e). The blue signal shows nuclear staining. Higher magnifications of the lower permanent portion of the hair
follicle (b and c) and the hair matrix region (d) are shown. Arrows indicate MBs colonized at the lower portion of the hair follicle. Arrowheads indicate the
club hair. Bar¼ 100mm. (e) A GFPþ cell localized in the bulge where CD34þ keratinocyte stem cells also reside. Given the existence of the club hair,
these follicles were formed by the next hair cycling after the initial hairs were shaved. Bar¼ 10mm.
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Among the feeder cell lines we tested, the XB2 keratino-
cyte line had a greater ability to maintain expansion and
undifferentiated status of the MBs than other fibroblastic cell
lines. XB2 is an immortalized keratinocyte cell line derived
from mouse teratoma. Consistent with our data, the MB-
supporting ability of XB2 has been demonstrated previously
(Sviderskaya et al., 1995).
It has been proposed that keratinocytes play a crucial role
in the regulation of the proliferation, survival, and differ-
entiation of MBs through direct cell–cell interaction (Sviders-
kaya et al., 1995; Haass et al., 2005; Hirobe, 1992, 2005),
but the exact molecular interaction remains unclear. Hence,
it may be expected that our MB co-culture system with XB2
cells reflects certain aspects of the physiological interactions
between MBs and keratinocytes that maintain the immature
status of MBs. In fact, by adding an antagonistic antibody
against c-Kit (Nishikawa et al., 1991), we demonstrated an
indispensable role for SCF/c-Kit signaling by XB2 cells in
maintaining the survival and proliferation of MBs; it has
already been demonstrated in vivo that genetic alterations in
the Sl (SCF) or W (c-Kit) locus lead to severe defects in the
maintenance of MBs (Matsui et al., 1990; Godin et al., 1991).
However, our preliminary gene-expression analysis sug-
gested that SCF and FGF2 are not the only factors involved
in the maintenance of MBs by XB2, since the other
fibroblastic cell lines also express SCF and/or FGF2 at a level
significantly higher than that of XB2 (Figure S4). Consistent
with this, it has recently been shown that numerous
molecules are involved in MB–keratinocyte interactions
(Hirobe, 2005). Under these circumstances, further extensive
studies are required to define the exact molecular mechan-
isms underlying the maintenance of MBs by XB2 cells. For
this purpose, a comparative global transcript analysis among
these feeder cell lines is currently under way in our
laboratory.
Previous studies on the optimization of culture conditions
for MBs have suggested that proliferation of MBs might
require multiple signaling pathways mediated by at least
three kinases: protein kinase C, protein kinase A, and
mitogen-activated protein kinase (Hirobe, 2005). Therefore,
to stimulate these signaling pathways, typical MB culture
conditions contain several MB growth promoters such as
12-O-tetradecanoyl-13-acetate, cholera toxin, and dibutyryl
adenosine 30,50-cyclic monophosphate (Hirobe, 1992; Svi-
derskaya et al., 1995). Although the molecular targets of these
agents are well defined, there still exists the possibility that
sustained treatment of MBs with these substances may cause
nonphysiological or unanticipated effects such as oncogenic
conversion of MBs during their in vitro culture. By contrast,
our co-culture system enables the proliferation of MBs
without the addition of these artificial supplements. Instead
of these mitotic supplements for MBs, we added the natural
growth factors SCF and FGF2 to the culture medium. SCF is
expressed in embryonic keratinocytes (Yoshida et al., 1996)
and its crucial role in the maintenance of MBs in vivo is
evident from the phenotypes of Sl mutants in which SCF is
defective (Matsui et al., 1990). FGF2 is also produced by
keratinocytes and its ability to promote the proliferation of
MBs and to maintain their immature status has been
demonstrated (Halaban et al., 1988). Hence, our MB culture
system provides a more physiological condition that allows
the expansion of immature MBs. Although the mechanism
underpinning the maintenance of MBs under our co-culture
conditions is not clear, our MB culture system provides a
powerful tool to understand the exact molecular interactions
involved in the homeostatic regulation of MBs through
MB–keratinocyte interactions.
Establishment of an assay system for MSCs
Stem cells are defined ultimately by their function to
regenerate the entire stem cell system after the replacement
of the resident stem cells by endogenous cells. Demonstra-
tion of stem cell function requires the development of an
appropriate assay, such as the transplantation assay for
hematopoietic stem cells (van Os et al., 2004; Shizuru
et al., 2005). Here, by combining in vitro expansion culture
of MBs and their subsequent engraftment with epidermal and
dermal cells to reconstruct the hair follicle, we have shown
that the cultured MBs were capable of reconstituting MSCs in
the newly reconstructed hair follicle. Hence, this method
provides a novel assay system that enables the direct
assessment of MSC function.
Interestingly, we found that some hair had lost pigmenta-
tion in the second hair cycle. We quantified the frequency of
unpigmented hairs in the grafts. In the initial cycle, 9.378%
of hairs formed from the graft were unpigmented; this
frequency was increased to 21.976% in the second cycle.
These data indicate that, in approximately 10% of the hair
follicles in the grafts, MSCs were lost or were not colonized
during hair-follicle reconstitution. Similarly, reduction of
stem cell capacity has also been reported in in vitro
expansion cultures of hematopoietic stem cells (Kirouac
and Zandstra, 2006) and muscle satellite cells (Montarras
et al., 2005), although the underlying mechanism has
been less clear. Recent studies on stem cells have indicated
that adult stem cells undergo aging as a consequence
of oxidative stress or telomere shortening (Allsopp et al.,
2001; Ito et al., 2006; Janzen et al., 2006). Therefore, one
possible explanation for the reduction of stem cell capacity in
our MB culture is the aging of MBs during culture, although
we cannot rule out the possibility that the cultured MBs
gradually lose their ability to reconstitute a stem cell
population.
The establishment of an in vitro expansion culture of
MBs is enormously valuable in exploring the molecular
mechanisms underlying stem cell regulation. In particular,
our in vitro culture enables us to address how loss-of-function
modifications of particular genes in the cultured MBs
affect the function of MSCs. For instance, by engrafting
these genetically modified MBs into a hair-follicle
reconstruction system, one can easily identify loss of function
in the generation and maintenance of MSCs by typical
hair-pigmentation defects from the second hair cycle. Hence,
in combination with further optimizations for genetic
manipulation of these cultured MBs, this assay system
will provide an excellent model with which to elucidate
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the molecular mechanisms underlying the regulation of
MSCs.
MATERIALS AND METHODS
Mice
CAG-CAT-EGFP mice (a gift from J. Miyazaki, Osaka University,
Osaka, Japan) (Kawamoto et al., 2000) were bred with Dcttm1(Cre)Bee
mice (a gift from F. Beermann, Swiss Institute for Experimental
Cancer Research, Epalinges, Switzerland) (Guyonneau et al., 2004)
to generate compound heterozygotes. Genotyping was performed as
described previously. All mice were maintained in our animal
facility. All animal experiments were performed in accordance with
the guidelines of the RIKEN Center for Developmental Biology for
animal and recombinant DNA experiments.
Preparation of MBs from an E15.5 embryo
Dorsal skin from E15.5 Dcttm1(Cre)Bee/CAG-CAT-EGFP mice
was incubated in PBS containing 5mM EDTA for 1 hour at
371C, and the dermis was removed using a pair of fine forceps,
under a microscope. The epidermis was further treated with
DMEM (Invitrogen, Carlsbad, CA) containing 10% fetal calf
serum, 2mg/ml collagenase P (Roche, Basel, Switzerland), and
2mg/ml dispase (Invitrogen) for 15minutes at 371C and then
dissociated well by pipetting to obtain a single-cell suspension.
The single-cell suspension was washed with the staining solution
(10% fetal calf serum, 0.01% NaN3, 1mM EDTA, and PBS) and re-
suspended in the staining solution containing 10 mg/ml propidium
iodide (PI). To isolate the MB population, GFPþ PI cells were
sorted by a FACS Aria (BD Biosciences, San Jose, CA) (Moriyama
et al., 2006).
RT-PCR/Q-PCR analysis
Total RNAs from either GFPþ PI cells or epidermal cells were
purified using the RNeasy Micro Kit (QIAGEN, Hilden, Germany).
cDNA was synthesized using a SuperScript first-strand cDNA
synthesis kit (Invitrogen) according to the manufacturer’s protocol
and purified with a PCR purification kit (Qiagen). PCR analysis was
carried out using HS ExTaq DNA polymerase (Takara, Ohtsu, Japan)
with 35 cycles of 30 seconds at 941C, 30 seconds at 581C, and
1minute at 721C. Q-PCR was performed using the QuantiTech SYBR
Green PCR kit (Qiagen) according to the manufacturer’s protocol.
The primer sequences used in our RT-PCR and Q-PCR analysis are
shown in Table S1.
Immunohistochemical staining
The isolated GFPþ cells were cytospun onto the glass slide and fixed
with 4% paraformaldehyde at room temperature for 10minutes.
Excess fixative was removed by three washes with PBS containing
0.1% Triton X-100 (Nakarai-Tesque, Kyoto, Japan). Immunohisto-
chemistry using cryosections was performed as described previously
(Nishimura et al., 2002). The following antibodies were used as
primary antibodies: rabbit anti-GFP (Invitrogen), rat anti-GFP
(Nakarai-Tesque), rat anti-c-Kit (Ack4) (Nishikawa et al., 1991),
rabbit anti-Mitf (a gift from H. Yamamoto, Tohoku University,
Sendai, Japan), and rat anti-CD34 (BD Biosciences). Fluorescent
staining was performed using specific secondary antibodies con-
jugated to Alexa 488 or Alexa 546 (Invitrogen). TO-PRO3 iodide
(Invitrogen) was used for nuclear staining.
Feeder cells
The XB2 murine keratinocyte cell line (Rheinwald and Green, 1975)
was maintained in DMEM supplemented with 10% fetal calf serum,
1% antibiotics–antimycotics mixture (Invitrogen), and 1% GlutaMax
(Invitrogen). Feeder cells were plated on six-well plates (BD
Biosciences) and treated with 1mg/ml mitomycin C (Sigma-Aldrich,
St Louis, MO) for 3 hours before use.
Primary MB cultures
FACS-sorted MBs were plated onto XB2 feeder cells and cultured
with RPMI 1640 medium (Invitrogen) containing 5% fetal calf serum,
1mg/ml insulin, 1mM phosphoethanolamine, and 1mM ethanolamine
(Sigma-Aldrich) (Hirobe, 1992). The medium was changed twice a
week. SCF was made in our laboratory, EDN3 and a-MSH were
purchased from Peptide Institute (Osaka, Japan), and FGF2 was from
PeproTech (Rocky Hill, NJ). Concentrations of SCF, FGF2, EDN3,
and a-MSH used in the culture were 50 ng/ml, 2.5 ng/ml, 20 nM, and
100nM, respectively.
Proliferation and differentiation assay
DOPA histochemical staining was performed as described pre-
viously (Kawa et al., 2000). MBs were scored as GFP-positive and
non-pigmented cells negative for DOPA staining. Conversely, MCs
were scored as GFP-positive, pigmented, and positive for DOPA
staining. The number of cells was counted from 10 to 20 randomly
chosen microscopic fields (area¼ 0.950mm2).
Apoptosis assay
Ten days after initiation of the culture, cells were incubated with
ACK2 (10 mg/ml) (Nishikawa et al., 1991) for 0, 3, and 6 hours and
harvested by treating with 0.25% trypsin and 1mM EDTA (Invitro-
gen). Annexin V-PE (BD Biosciences) staining was performed
according to the manufacturer’s protocol. Apoptotic cells were
assessed by FACS.
Hair-follicle reconstruction assay
The hair-follicle reconstruction assay was performed as described
previously (Lichti et al., 1993; Kishimoto et al., 1999; Claudinot et al.,
2005) with minor modifications. Detailed procedures for hair-follicle
reconstitution assay are shown in the Supplementary Methods.
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Table S1. The primer sequences used in these experiments.
Figure S1. Whole mount immunostaining of the E15.5 epidermis obtained
from Dcttm1(Cre)Bee/CAG-CAT-EGFP transgenic mouse embryo.
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Figure S2. Hair follicles formed in the graft showed in catagen or telogen at 35
days after engraftment.
Figure S3. Immunohistochemical staining of the graft in which cultured MBs
in the presence of SCF and FGF2 were engrafted.
Figure S4. Q-PCR analysis of expression of Kitl, Edn3, and Ffg2 in the stromal
cell lines.
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